The methods of non-equilibrium thermodynamics of systems with an interface have been applied to the study of thermionic emission processes in abrupt semiconductor junctions, including the effects of surface states . Our analysis covers different situations of interest, concerning unipolar and bipolar systems, either degenerate or not, with or without interface states and under steady and non-steady conditions. In this way, a complete phenomenological modelling of thermionic emission-interface states processes has been proposed, overcoming some of the inherent limititations of the currently existing models.
I. INTRODUCTION
It is our purpose in this paper to present a complete analysis of the TE-IS processes in abrupt semiconductor junctions. This study overcomes some of the inherent limitations of the previous models and provides a proper framework to study these junctions in a more complete way.
We would like to draw special attention to the fact that we will develop the whole analysis in the same phenomenological framework as where diffusion processes may be treated, [11] , allowing us then to present a unified derivation of the TE-IS-D models in abrupt semiconductor junctions. In this way all the situations and processes may be studied, including the effects of degenerancy, bipolarity, non-stationarity or interface state filling, which are treated only in an approximate way in most of the models mentioned above.
The organisation of the paper is as follows: In section II, we summarize the main results concerning non-equilibrium thermodynamic description of semiconductor junctions. In this framework, and with the help of the formalism of the internal degrees of freedom, we derive in section III the TE law for abrupt unipolar junctions without interface states. This result is further generalised in section IV, to include the effects of interface states or bipolarity.
Finally, in section V we summarize our main results.
II. NON-EQUILIBRIUM THERMODYNAMIC DESCRIPTION OF SEMICONDUCTOR JUNCTIONS
When two different semiconductors (or, in general, two different materials) are in contact, a very narrow region exists in between, which exhibits peculiar macroscopic behaviour.
It has been shown [16] , [17] , that the properties of this region can be explained in a simple way, by substituting it by a two-dimensional interface, with its own macroscopic properties, and by assuming that the bulks to will behave as in the absence of the junction just up to this interface. This introduces a discontinuous description of the system, in which the relevant fields are the extrapoled bulk fields (discontinuous through the interface) and the surface fields (to describe surface properties), [11] [17] . The discontinuity in the bulk fields makes it necessary to introduce some discontinuity relationships in the description of these systems, and the presence of the two-dimensional interface the proper surface equations to describe its properties. A systematic and thermodynamically consistent way to derive a complete set of equations (bulk, interface and discontinuity equations) to describe these systems, is provided by the theory of non-equilibrium thermodynamics of systems with interfaces [16] , [18] . Precisely, by following this approach, a one dimensional phenomenological model for drift-diffusion processes in abrupt semiconductor junctions was derived in [11] , which included, apart from the usual drift-diffusion bulk equations, the corresponding surface and discontinuity relations.
Of particular interest for the present paper are the discontinuity relationships for the drift-diffusion processes, for they describe the TE-IS processes that take place at the semiconductor junction. To arrive at these discontinuity relations, we first evaluated in [11] the surface entropy production corresponding to a semiconductor junction when only drift and diffusion processes are considered. For a one-dimensional system one obtains [11] ,
for the case in which interface states are present, and
when they are not. In Eqs. (1) and (2), we have defined
, where J ± k stands for the perpendicular component to the interface of the current density number of electrons (k=1) and holes (k=2), evaluated at the left (−) and right (+) hand sides of the junction.
Similarly, we have
being the corresponding electrochemical potentials (quasiFermi levels) for the k-th carrier in the bulks (±), or at the interface (s), defined as
where µ ¿From these entropy productions the following discontinuty relations may be derived [11] ,
which is valid when interface states are present. Otherwise, the corresponding relation is
In the above equations, F ± and F are some unspecified functions satisfying the equilibrium condition
the second principle of thermodynamics
and the Onsager's symmetry relations
Finally, it should be noted that the functions F ± ( F ) may also depend on the bulk number densities, n ± k (surface number density n s k ) and on temperature, T [11] .
For the case under consideration, in which recombination-generation or tunnelling processes are neglected, one usually assumes that the transport of current across the interface is controlled by the thermal excitation of carriers over the barrier (or barriers) that appears at the junction. For this reason, we will call Eqs. (4) and (5) the TE-IS and TE relations, respectively and the search for explicit expressions for them is the main purpose of next sections.
III. THERMIONIC EMISSION RELATION FOR UNIPOLAR ABRUPT

JUNCTIONS
As commented previously, the derivation of all these expressions will be carried out by means of the methods of non-equilibrium thermodynamics. Due to the intrinsic non-linear nature of the emission processes, [11] , one has to go beyond the usual linear phenomenological relations, and propose more general ones. One way to systematically derive such a non-linear relations, still under the framework of non-equilibrium thermodynamics, is provided by the formalism of the internal degrees of freedom. This will be the approach we will follow in this paper. For the sake of clarity, we will devote the next subsection to introduce the internal degrees of freedom in the context of semiconductor junctions, postponing the derivation of the TE relation for next subsection.
A. Internal degrees of freedom and semiconductor junctions
In the thermodynamic description of a system one has to distinguish between transport and relaxation processes. For the former, transport equations accounting for the evolution of quantities,as density, velocity, etc. can be formulated starting from the conservation laws of mass, momentum, etc. Transport equations then describe the evolution of those quantities, essentialy due to two mechanisms namely, diffusion and convection. Relaxation processes involve transformations ocurring at each point of the system whose mechanism is intrinsically non-linear and is usually modelled by the pass through a potential barrier.
In non-equilibrium thermodynamics language this process may be viewed as diffusion in an internal space, the space of the internal variable. These scheme has been satisfactorily applied to a number of physical situations [12] , [13] , [14] [18].
Concerning semiconductor junctions the following example will illustrate the way of introducing internal variables to arrive at a complete characterization of the system. Let us consider the emission of a carrier through the interface. When the carrier reaches the interface, it has several options: to jump directly into the other side of the junction, or into an empty surface state, or simply to go back. The net effect of these processes is known to be non-linear [11] , in the sense that linear expressions for Eqs. (4) or (5), do not correctly describe them. To derive these non-linear relations within the framework of non-equilibrium thermodynamics, one may use the internal variables. In this alternative picture, one may consider that the different processes a carrier may go through when it reaches the interface, are well represented by a continuous diffusion process in the internal space, over an energy barrier which matches the discontinuity points at the interface. The carriers following this continuous process will be called activated carriers, and the coordinate that describes it , the internal coordinate.
By introducing an internal space for each elementary process, whose number may be predicted directly from the expression of the entropy production, the net rate corresponding to them may be evaluated, allowing one to arrive at an explicit expression for Eqs. (4) and (5).
It is worth emphasizing that both pictures (internal degrees of freedom and macroscopic discontinuity) leads to the same entropy production [12] , [15] , and it is this fact that enables us to use the former to derive explicit non-linear constitutive relations, provided the latter one is unable to.
B. Thermionic emission relation
For the case of unipolar, i.e. those with only a single carrier, abrupt semiconductor junctions without interface states, the surface entropy production may be written as Eq. (2),
For the sake of definitess, we have taken the electrons as the single carrier and the corresponding magnitudes have been denoted by the subindex e. This entropy production corresponds to a single elementary process, as can be seen by comparing it with the one corresponding to an unimolecular reaction of the form
provided one identifies J + e with the reaction rate and [φ e ] − with the affinity (see [12] , [18] ).
Furthermore, this equivalence between chemical reactions and emission processes, allows us to directly write the corresponding constitutive relation for the latter case by simply identifying the corresponding magnitudes in the former case. In this way we obtain, in the general case of a degenerate (non-ideal) system, [12] , [18] ,
where
is the diffusion coefficient in the internal space, U(γ) is the internal energy barrier, n(γ) is the density number of activated electrons at point γ, and f (γ) = f (n(γ), T ) accounts for the degenerancy effects, and is defined through the state equation
where φ(γ) is the generalised chemical potential of the activated electrons. For the case of a non-degenerate system, f is only a function of T, which considerably simplifies Eqs. (14) and (15) . In Eqs. (13) and (14) we have used φ(γ 1 ) = φ − e and φ(γ 2 ) = φ + e , for at these points the internal space makes contact with the external one. Moreover, in what follows, we will also identify f (n(γ 1 ), 
We then obtain
For the purposes of this paper, it is convenient to define a transition coefficient as follows
With this definition, and by substituting Eq. (17) in it, we have
Note that for an abrupt junction, U(γ) is a given function independent on the density number. Moreoverμ may also be considered independent of the density number, even for a degenerate system. Hence, the main dependence of λ −+ on the density is given through f . As a consequence, for a non-degenerate system, in which f is only a function of T, this transition coefficient will be independent on the densities.
Similarly, we may define the inverse transition coefficient, λ +− , as
e represents the discontinuity in the electron energy, which for an abrupt junction is independent of the density.
By using this coefficient we may rewrite Eq. (13) as
where eφ
It is easily seen that Eq. (21), or alternatively Eq. (13), satisfy the unipolar version of the thermodynamic requirements presented in section II, Eqs. (6) and (8) 
we can rewrite Eq. (21) as
where n , with A * being Anderson's modified constant. Therefore, we obtain
, which is ,as mentioned above, only a function of T.
Moreover, by using Eq. 
which corresponds to the boundary condition proposed in [7] in the context of heterojunctions. It is worth pointing out that Eqs. (23) and (24) reduce, respectively, to Bethe's [4] and Anderson's [6] expressions, in the limit in which diffusion processes are neglected.
IV. THERMIONIC EMISSION-INTERFACE STATE RELATIONS FOR ABRUPT SEMICONDUCTOR JUNCTIONS
Our aim in this section is to generalise the results of the previous section, by including the effects of interfacial states or by considering bipolar systems, i.e. systems with two types of carriers.
A. Unipolar systems with interfacial states
For this case the surface entropy production can be written as, see Eq.
(1),
This expression is reminiscent of the entropy production corresponding to the set of in- The equivalence with the chemical reaction case analyzed in [12] , allows us to directly formulate the constitutive relations
where ν iα is the stoichiometric coefficient of the i-th electron ( we identify e − ≡ e 1 , e s ≡ e 2 and e + ≡ e 3 ) participating in the α-th elementary reaction, A α are the affinities defined above and
where φ α (γ α 1 ) corresponds to the generalised chemical potential of the reactant in the α − th reaction. As before, by introducing a mobility,μ α , through Einstein's relation we can rewrite
Eq. (28) as
For the elementary processes under consideration, Eq. (26), we have
By substituting these values into Eq. (27), we obtain the following constitutive relations,
Note that the right hand sides of the previous equations are actually functions of the thermodynamic forces, X (7) and (9) . We therfore conclude that they constitute acceptable thermodynamic constitutive relations.
As in section III, a more useful form of these constitutive relations is obtained by defining the following transition coefficients
where z i = f i n i are the activities and ∆U ij = U i −U j . We then obtain a master-like equation
Note that for an abrupt junction ∆U ij are given quantities, which allow us to write Eq. is not an independent quantity). This makes the modelling of these processes not as difficult as it would seem a priori. 
where, as noted in [11] , the relevent variable under steady state conditions is [φ e ] − . Alternatively, we can also write 
C. Bipolar systems
In this subsection, we will consider the case of bipolar systems. For simplicity's sake we will start by considering the case in which interface states are not present. In this case the surface entropy production reads, Eq. (2),
where the subindex h stands for holes and e for electrons. It is easily seen that the elementary processes corresponding to this situation are simply
Note that these processes are decoupled and hence they can be treated separately, proceeding along the lines indicated in section II. The constitutive relations for this case will then read
where the meaning of the different magnitudes clearly follows from the notation. As before, the degenerate case is obtained by applying the corresponding rule. Again by construction the corresponding thermodynamic restrictions are satisfied. Note that in this case, we have to specify four parameters, the transition coefficients λ e0 +− , λ h0 +− , and the energy discontinuities
For bipolar heterojunctions the two carriers are hardly ever considered both together, for usually one of the discontinuities is much larger than the other inhibiting the crossing of the corresponding type of carrier [10] . This fact is obviously recovered from our relations.
The introduction of interfacial states in these systems does not complicate the situation very much, because due to the decoupling that exists between the two types of carriers, they can be treated separately, giving rise to a set of equations like the ones obtained in the previous subsection for each of the carriers.
V. CONCLUSIONS
In this paper we have presented a fully thermodynamic and general treatment of thermionic emission processes in semiconductor junctions. All the situations of interest, namely, for unipolar and bipolar systems, which can be degenerate or not, with or without interface states and under steady and non-steady conditions, have been analysed.
The study has been carried out within the framework of non-equilibrium thermodynamics of systems with interfaces, incorporating the formalism of the internal degrees of freedom in order to obtain explicit expressions for the TE-I relations. This procedure has the advantage of allowing us a complete treatment of semiconductor junctions (bulks, interface and discontinuity relations) in a common framework which ensures by construction the thermodynamic consistency and completeness of the relations derived.
Of special interest has been the derivation of general TE-IS relations to describe nonsteady situations in the presence of interface states. From these expressions we have then derived the corresponding relations valid at the steady state, which have been shown to incorporate, in the general case, non-trivial contributions that come from the interface states, which might not be negligible in some circumstances. These interface state contributions are under investigation for some junctions of interest.
Finally, the implementation of the TE-IS expressions in the drift-diffusion model presented in [11] , will provide one of the most general TE-IS-D models that has been proposed for abrupt semiconductor junctions, proving therefore the power of the application of the non-equilibrium thermodynamic methods to semiconductor systems.
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